Exit from mitosis after chromosome segregation is trig- FEAR also contributes to the initial release of Cdc14 activation must be reversed after mitotic exit to reset from the nucleolus during early anaphase and facilitates the cell cycle in G1. We find that daughter cells activate
Introduction 1998). Third, the phosphatase activity of Cdc14 directly reverses Cdk1 phosphorylation of substrates (Visintin The cell cycle is a series of highly ordered processes that et al., 1998). The culmination of these events is the esculminate in the duplication of a cell. As cells progress tablishment of a stable state in which Cdk1 activity is through the cycle, they undergo several discrete transioff, allowing the reversal of mitotic events and the protions. A cell cycle transition is a unidirectional change motion of cytokinesis. of state in which a cell that was performing a defined The failure to turn off mitotic exit is deleterious to cell set of processes alters its state to perform a different cycle progression in the next cycle (Visintin et al., 1998). set of processes. A particular cell cycle state exists in How does the MEN pathway turn itself off to facilitate a metastable environment in which a self-perpetuating future G1 events? One mechanism is the destruction series of biochemical reactions occur. As these reacof a key initiator of MEN, Cdc5, via APC
Cdh1
-directed tions achieve the selected goal of that cell cycle state, ubiquitinlyation. Cdc5 must be resynthesized in the next a new biochemical state begins to emerge and alters cycle to reactivate the MEN. While required for entry the balance of regulators to initiate a cell cycle transition into mitotic exit, it is not clear whether Cdc5 is required to a new metastable state. Cell cycle transitions have a for maintenance of the mitotic exit state. A second number of general properties. As they proceed, they mechanism is the reactivation of the Tem1 inhibitor tend to turn off processes in the current state and self Bfa1/Bub2, which is inhibited by Cdc5 phosphorylation. reinforce the regulatory environment of the new state As cells exit mitosis and return to G1, Bfa1/Bub2 is through positive feedback loops. In addition, they typidephosphorylated in a MEN-dependent fashion (Hu et cally set in motion the events that will eventually contribal., 2001; Lee et al., 2001), possibly by Cdc14 itself (Perute to the next cell cycle transition, effectively sowing eira et al., 2002). These events are reversals of prothe seeds of their own destruction through a slow or mitotic exit events. In this study, we describe a daughter event-dependent negative feedback loop.
cell-specific protein, Amn1, induced by the MEN that Mitotic exit is an example of a cell cycle transition actively interferes with MEN function to turn off the mithat sets up a self-reinforcing mechanism. Mitotic exit totic exit state. Amn1 protein is induced only after activation of mitotic exit and acts to inhibit mitotic exit by binding to Tem1 and facilitating inactivation of Cdc14.
leads to disruption of Tem1-Cdc15 interaction in vivo nose and arrested in G1 with ␣ factor. Cells were released from the block into media containing galactose and in vitro. Amn1 and Cdc15 compete for binding to Tem1. Failure to inhibit this interaction results in disrupto induce AMN1 expression and analyzed at different times for budding index, spindle length, and Clb2 levels. tion of both the spindle assembly and nuclear orientation checkpoints.
The kinetics of cell cycle progression for both strains were nearly identical until telophase. At 100 min after release, both strains were large budded but by 140 min, Results the cells containing vector alone had progressed into G1 with reduced Clb2 levels while GAL-AMN1 con-A Genetic Screen for Negative Regulators taining cells remained large budded with elongated of the Mitotic Exit Pathway spindles and high Clb2 levels (Figures 2A and 2B Figure 2C ). Thus, AMN1 interferes with MEN function Ura medium and replica-plated onto SC-Ura plates conprior to Cdc14 release. taining galactose at 30ЊC, the permissive temperature That AMN1 interferes with MEN function is further for cdc5-1. Colonies that failed to grow on galactose supported by three additional observations. First, the plates were selected. These could be either lethal alone terminal arrest phenotype of AMN1 overexpression in or co-lethal with cdc5-1. To distinguish this, colonies cdc5-1 mutants is a telophase arrest ( Figure 1C ). Secwere mated with a wild-type strain and the resulting ondly, CLB2 overexpression is known to be toxic in MEN diploids were tested for growth on galactose. Colonies mutants (Jaspersen et al., 1998) and co-overexpression that could now grow on galactose were selected, their of AMN1 and CLB2 results in lethality in wild-type cells plasmids recovered and reintroduced into cdc5-1 or WT ( Figure 2D ). Third, AMN1 overexpression is toxic to ⌬sic1 haploids and re-examined for cdc5-1-dependent lethalmutants, which exhibit mitotic exit defects ( Figure 2D ). ity on galactose. CLB1 and a gene we have named Antagonist of MEN, AMN1 (YBR158w), were isolated. Amn1 contains 12 degenerate leucine-rich repeat (LRR) AMN1 Is Required for Multiple motifs (data not shown). Overproduction of Clb2, a subMitotic Checkpoints strate of the APC is known to be toxic in cells defective Deletion of AMN1 has been reported to result in a slow in MEN components and was used as a positive control growth phenotype in some backgrounds (Rose et al., for cdc5-1 toxicity ( Figure 1A) . We had previously iso-1995; Ouspenski et al., 1999), although we have not lated AMN1, then called CST13, in a screen for cDNAs observed this in the W303 background (data not shown). that caused chromosome instability when overexWe reasoned that if AMN1 plays an inhibitory role in pressed (Ouspenski et al., 1999). We reasoned that mitotic exit, it may display a defect when cells are acAmn1 could either be a substrate of the APC that comtively trying to prevent mitotic exit such as during spindle petes for Clb degradation, a positive regulator of Clb assembly or nuclear orientation checkpoint arrest. We function, a negative regulator of Cdc5, or a general negafirst examined the role of AMN1 in the nuclear orientation tive regulator of mitotic exit. checkpoint through analysis of ⌬act5 ⌬kar9 act5-degron Ts mutants (Hu et al., 2001). In ⌬act5 ⌬kar9 mutants, Genetic Interactions between AMN1 and the FEAR the nucleus fails to orient and anaphase occurs within and MEN Pathways the mother cell body (Miller and Rose, 1998) , and mitotic To determine if AMN1 overexpression lethality was speexit is delayed. Cells were synchronized with ␣ factor cific to cdc5 mutants, we examined the effects of AMN1 and released into the cell cycle at 37ЊC. The majority of overproduction in mutants of the MEN and FEAR pathact5-ts mutants arrested as large budded cells due to ways. AMN1 overproduction was toxic in tem1-3, activation of the nuclear orientation checkpoint. Howcdc15-2, dbf2-2, mob1-77, esp1-1, ⌬slk19 and, to a ever, in amn1 mutants, cells failed to maintain the arrest lesser extent, ⌬lte1 mutants ( Figure 1B and data not and 33% of the cells exited mitosis, re-entered the next shown). AMN1 had no effect on cdc20-1 mutants (data cycle and formed a new bud ( Figure 2E) , indicating a not shown). Therefore, AMN1 inhibition of cell viability checkpoint defect. is not specific to Cdc5 dysfunction.
The spindle assembly checkpoint also arrests cells prior to mitotic exit (Hoyt et al., 1991; Li and Murray, 1991). amn1 mutants also displayed a reduced ability AMN1 Expression Antagonizes Mitotic Exit AMN1 expression is toxic to MEN mutants and slows to prevent mitotic exit in cultures containing 10 g/ml of nocodazole ( Figure 2F ) and showed a mildly enhanced growth of wild-type cells. To explore Amn1's function, we examined if this slow growth resulted from pronocodazole sensitivity ( Figure 2G ). However, loss of AMN1 significantly decreases the viability of bfa1 mulonging a specific cell cycle stage. Wild-type cells containing vector or GAL-AMN1 plasmid were grown in raffitants treated with nocodazole. Together, these results indicate that AMN1 is required for multiple checkpoints pathway. Thus, we measured Amn1 accumulation in synchronous cells lacking certain MEN components. and has overlapping functions with BFA1.
Amn1 protein failed to accumulate in cdc15 or cdc14 mutants ( Figure 3C ). This indicates that mitotic exit must Daughter-Specific Cell Cycle Regulation of AMN1 Expression after Mitotic Exit occur before AMN1 is expressed and implies that the window for Amn1 function is later than the execution Database analysis of AMN1 expression revealed cell cycle regulated AMN1 mRNA levels that peak at the point of Cdc15 and Cdc14 ( Figure 3C ). This suggests that Amn1 does not prevent mitotic exit but acts to turn M/G1 transition coordinately with SIC1 ( Figure 3A ) (Spellman et al., 1998). We therefore examined Amn1 it off once it has functioned. To examine the intracellular localization of Amn1, we protein levels during the cell cycle. Amn1 was present in G1 then was rapidly destroyed as cells entered S generated a GFP-tagged AMN1 strain and monitored Amn1 by time lapse photography at room temperature. phase and stayed low until after anaphase (100 min). Amn1 reaches its highest level at 120 min, when only Faint expression could be detected in the mother cell at T ϭ 0 but high level expression was exclusively in 16% of the cells displayed elongated spindles and more than 80% of the cells were now in G1 ( Figure 3B ). Amn1 the daughter cell body as judged by the size of the two cell bodies ( Figure 3D , upper image). By 60 to 70 min, levels began to drop again as cells entered the second S phase. Thus, Amn1 is cell cycle regulated and peaks the mother cell has initiated a new bud. Amn1 staining was primarily nuclear with some cytoplasmic staining in late M/G1. If Amn1's role in the cell cycle is to delay mitotic exit, using Myc-Amn1 immunofluorescence ( Figure 3D , lower image). Amn1's daughter cell localization is likely due its levels should increase prior to activation of the MEN (E) Amn1 requires the SCF but not the APC for its degradation. Cells of the indicated genotypes containing the GAL-AMN1 plasmid were tested for toxicity of AMN1 expression as described in Figure 1 (top image). These cells were also arrested at G1 phase with ␣ factor to examine the stability of Amn1 protein (bottom image). In the presence of ␣ factor, the cultures were shifted to 37ЊC and galactose was added to induce Amn1 production for 40 min. At time 0, glucose was added into the media to shut down Amn1 production. Protein samples were prepared at indicated time after addition of glucose for immunoblotting.
to transcription as it was identified as one of eight trantor to the daughter nucleus (Colman-Lerner et al., 2001).
Thus, Amn1 is induced in daughter cells after execution scripts under the control of the daughter-specific transcriptional program driven by Cbk1/Mob2-dependent of mitotic exit. As the daughter cell inherits the mitotic exit apparatus that eventually becomes active, we hyactivation and localization of the Ace2 transcription fac-pothesize that Amn1 acts in the daughter cell to inhibit the mitotic exit pathway once MEN has executed its function.
Amn1 Stability Is Regulated through the SCF During G1 and S phase, Amn1 mRNA is constant but the Amn1 protein shows a dramatic decline as cells enter S phase. This suggests that Amn1 might also be subject to regulated proteolysis. Thus, we examined the stability of Amn1 in mutants defective for the APC and SCF E3 ligases using the standard GAL-AMN1 promoter shutoff assay. The half-life of Amn1 in G1 arrested cells was not affected by a cdc16-1 mutation defective for the APC but was greatly stabilized by mutations in both CDC53 and SKP1, indicating a role for the SCF in Amn1 degradation ( Figure 3E ). In addition, Amn1 overexpression was toxic in skp1-12 but not skp1-11 mutants providing further support for this possibility ( Figure 3E ). Given the similarity to Sic1 in its expression pattern and the fact that Sic1 is targeted for ubiquitination by the SCF in a phosphorylation-dependent manner, it is possible that Amn1 is similarly regulated by Cdk1 phosphorylation, which would explain its rapid degradation when cells enter S phase.
Amn1 Does Not Block MEN at the Cdc5
Step Cdc5 promotes MEN activation in part by phosphorylation of Bfa1. To determine whether Amn1 acts to interfere with MEN by blocking Cdc5 activation, we examined the phosphorylation status of Bfa1 in cells arrested by AMN1 overproduction. To achieve a strong telophase arrest, we expressed AMN1 in a mob1-77 mutant. Both mob1-77 mutant cells arrested by AMN1 overexpression or by shifting to 37ЊC contained fully phosphorylated Bfa1 ( Figure 4A ), indicating that Amn1 affects the MEN either downstream of Cdc5 or in a parallel pathway. 
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